ABSTRACT Aging is often associated with a dysregulation in immune function, particularly in T-cell responses, even in the healthy elderly. Adequate nutrition is important for optimal immune function. The literature on the relation of nutritional status with immune function in the elderly offers mixed findings. Because several nutrients can influence immune response, and there are interactions among nutrients, examining the association of various nutrients measured simultaneously with tests of immune function is important. We examined the association of protein, iron, zinc, vitamin B-12, and folic acid with tests of acquired immunity in healthy older women (76.7 Ϯ 7.0 y; n ϭ 130). Discriminant analysis was used to identify the predictive subset of nutrients that could correctly classify subjects into the lowest or highest quartiles (Յ25th or Ͼ75th percentile) on various immune function tests (T cells and subsets and lymphocyte proliferation in response to culture with mitogens). Protein and iron status variables were identified in the predictive subset for all immune tests; in addition, zinc emerged in the predictive model for T cells and their subsets as well as for the proliferation response to concanavalin A. The probability of correctly classifying women into the lowest or highest quartiles of immune tests by the predictive subset of nutrition variables was high, i.e., 62.8 -83.5% for T cells and their subsets, and 79.3-89.7% for the proliferation response to mitogens. In conclusion, protein, iron, and zinc were significant predictors of immune function in older women. Adequate status of these nutrients may help maintain immunity in older adults. J. Nutr. 135: 2644Nutr. 135: -2650Nutr. 135: , 2005 
Aging is often associated with increased susceptibility to infection and cancer, as well as an increase in morbidity and mortality associated with these conditions (1) . Age-related changes in the immune system, particularly in T-cell responses, are thought to have an important contributory role in these conditions (2, 3) . Nutrition is important for immunocompetence (4 -7) . Specific nutrient deficiencies can, therefore, further aggravate the age-associated dysfunction in immune function and increase the risk of illness (6, 8, 9) .
Most studies in the elderly examined the association of single nutrients with various aspects of immune function. These studies usually compared immune function in nutrientdeficient vs. nutrient-sufficient subjects (6,10 -13) and reported, for the most part, declines in some aspect of immune function when nutrient status was impaired. Further, some improvements in immune function were noted with nutrient supplementation, especially in deficient subjects upon correction of the deficiency state (14) .
Only a few studies made a comprehensive examination of the association of multiple nutrients and immunity in healthy, noninstitutionalized elderly (15) (16) (17) (18) . These studies generally provided limited evidence to support a relation between nutritional status and immunity. There is speculation (19) that some of these studies were conducted with cohorts lacking variability in nutritional status (15) (16) (17) . Others did not include key nutrients such as protein and iron status that are likely to be suboptimal in older adults and can affect immune response (15) . Although multiple nutrients were assessed in these studies, in most cases, the analyses focused on associations between single nutrients with various aspects of immune function. A multivariate approach is important, however, because multiple nutrient deficiencies can coexist (20, 21) and nutrient-nutrient interactions can occur and influence immune function (4 -6) .
Therefore, our interest was to use a multivariate analysis approach to examine simultaneously the relation of several nutrients with immune function in older subjects with varied nutritional status. Our goal was to identify which nutrients among those likely to affect immune response when examined simultaneously, would predict immune function in a cohort of healthy older women free from inflammation. We focused on protein, iron, zinc, vitamin B-12, and folate because older adults may be at risk for deficiencies of these nutrients (20 -22) . The statistical approach of discriminant analysis was used to identify a parsimonious predictive subset of laboratory tests of nutrient status, which could correctly classify healthy older women into the lowest or highest quartiles on several tests of acquired immune response such as T cells and subsets, and lymphocyte proliferation in response to culture with mitogens.
SUBJECTS AND METHODS

Subject recruitment
Older women (age Ͼ 60 y; n ϭ 770) were invited to participate in the study on nutrition and immunity with the assistance of local Agencies on Aging and recruitment from local housing complexes for seniors using flyers, advertisements, and letters describing the study. Women receiving hormone replacement therapy were not included (23) . Subjects provided written informed consent for participation and followed protocols approved by the Office for Regulatory Compliance at the Pennsylvania State University. Subjects received an honorarium of $100 at the completion of the study.
Study protocol
Potential subjects expressing interest in participation (n ϭ 180) were first screened by obtaining a verbal medical history to rule out any health conditions or medication use that could affect immune response according to the SENIEUR protocol (24) . Of the 156 women who met the medical history screen, 137 provided a blood sample in the morning after fasting and a 15-min period of rest. A certified phlebotomist collected 35 mL of venous blood into 3 types of Vacutainer ® tubes (Becton Dickinson), i.e., with no anticoagulant, or with EDTA or heparin. Height and weight were recorded using portable, standardized instruments.
Screening based on laboratory tests
Clinical tests of general health and inflammatory status were used to exclude individuals with acute or chronic inflammation or other medical conditions that could affect immune response. A complete blood count (CBC) 3 with differential evaluation on a Coulter MAZM analyzer (Beckman Coulter) and clinical chemistry tests (Chem-24 profile) using a Roche Mira Plus random access chemistry analyzer (Roche Boehringer Mannheim) were conducted at the University Health Services Laboratory. Results of these tests were reviewed by the study physician (G.H.) to exclude subjects with infection, inflammation, liver disorders, kidney disorders, and/or bone marrow proliferation disorders.
To assess inflammation, the erythrocyte sedimentation rate (ESR) was measured using the Westergren Method (Dispette72, Ulster Medical Products), serum ␣-1 acid glycoprotein (AGP) was determined by radial immunodiffusion (Kent Laboratories), and white blood cell (WBC) count was obtained from the CBC. The cutoff values for defining abnormal results were: ESR Ͼ 30 mm/h; WBC Ͼ 11 ϫ 10 9 /L; and AGP Ͼ 1.4 g/L (25) . Subjects presenting elevated levels on 2 of the 3 inflammatory tests were considered to have inflammation and were excluded from further participation (n ϭ 7).
Tests of nutritional status and immune function were also carried out using this blood sample (n ϭ 130). An additional blood sample (25 mL) was obtained whenever possible from subjects (n ϭ 61) within 1 wk of the first blood draw to improve precision in the estimates for tests of immune function (26) .
Assessment of nutritional status
Laboratory tests were performed to determine protein, iron, zinc, vitamin B-12, and folic acid status. Total protein and albumin were determined in serum as part of the clinical chemistry profile. Serum ferritin was assayed by RIA (Diagnostic Products). Serum transferrin receptors (TfR) were assayed using a commercial ELISA (Ramco Laboratories). Hemoglobin, hematocrit, mean corpuscular volume (MCV), and red cell distribution width (RDW) were obtained from the CBC analysis. Serum iron, total iron-binding capacity, and transferrin saturation were determined by the American Medical Laboratories using colorimetric methods. Serum vitamin B-12 and folic acid concentrations were determined by a commercial RIA (ICN Pharmaceuticals). Pooled serum samples from ongoing studies in our laboratory were used as internal controls with each run for serum ferritin, TfR, vitamin B-12 and folic acid assays. Plasma zinc was measured by atomic absorption spectrophotometry.
Subjects with BMI Ͻ 20 kg/m 2 , serum total protein Ͻ 60 g/L, or serum albumin Ͻ 35 g/L (n ϭ 28) were considered to have low protein status (25) were considered to have low iron status (n ϭ 33). Subjects who had plasma zinc levels Ͻ 10.71 mol/L (700 g/L) (n ϭ 7) were considered to have low zinc status (29) . Subjects with serum vitamin B-12 (25, 30) and/or MCV Ͼ 102 fL (n ϭ 3) (31) were considered to have low vitamin B-12 or folate status (n ϭ 12).
Assessment of immune function
For sample volume considerations, immune function tests were determined using whole blood assays that were validated previously in our laboratory (2) .
T cells and subsets. T cells and subsets were estimated in 1 mL of heparinized blood (32) using fluorescently labeled, monoclonal antibodies specific for surface antigens (anti-CD3 recognizes total T-cells; anti-CD4 recognizes T-helper cells, and anti-CD8 recognizes T-cytotoxic cells) by flow cytometry (Beckman Coulter EPICS XL). CBC with differential evaluation was used to compute the absolute numbers of lymphocytes, monocytes, and granulocytes.
Lymphocyte proliferation response (LPR) to stimulation with mitogens. Proliferation of lymphocytes in response to 2 concentrations each of phytohemagglutinin (PHA) and concanavalin A (Con A) was determined by measuring the incorporation of [ 3 H] thymidine (6.7 Ci/mmol) (33, 34) . PHA-M (L2646) was obtained from Sigma and Con A from ICN Biochemicals. The 2 optimal concentrations assayed for PHA were 5 and 10 mg/L and those for Con A were 12 and 25 mg/L, respectively, based on our previous study (2) . The protocol for this assay was described in detail previously (2, 26) .
Statistical analyses
Statistical analyses were carried out using the Statistical Analysis System version 8.0 (SAS Institute). Among the nutrition variables, logarithmically transformed data were used for serum ferritin because they were consistent with a normal distribution. For immune function variables, only absolute numbers of T cells and subsets were consistent with normality; therefore, logarithmically transformed data were used for proliferation response related variables. Paired t tests for immune function variables on the 2 collection days were not significant (data not shown). Therefore, when data collected on 2 d were available, the mean of the values was used.
The immune function variables examined were T cells and subsets
(total T cells, T helper cells, T cytotoxic cells)
, and LPR to PHA (5 and 10 mg/L) and Con A (12 and 25 mg/L). For each immune function variable, groups were formed on the basis of lowest and highest quartiles. Subjects in the lowest quartile had values Յ 25th percentile, whereas the highest quartile group had values Ͼ 75th percentile of the study cohort for the immune function test. Discriminant analysis was then used to identify an optimal predictive subset of nutritional status variables that could correctly classify subjects into the lowest or highest quartile groups for each immune function test, with a high degree of precision and a low misclassification rate. The nutrition status variables included BMI, serum albumin and serum protein for protein status; serum ferritin, serum TfR, transferrin saturation, hemoglobin, hematocrit, MCV, and RDW for evaluation of iron status, plasma zinc, and serum levels of vitamin B-12 and folic acid as well as MCV for vitamin B-12 and folic acid status. Preliminary tests using PROC UNIVARIATE and PROC DIS-CRIM indicated that the assumptions of normality and equal covariance matrixes were met, thus warranting use of the linear discriminant function (35) . PROC DISCRIM and PROC STEPWISE were then used to carry out the discriminant analysis. For prediction purposes, a parsimonious set of variables was chosen from the nutrition variables by using the following 4 criteria, which is similar to the approach used in our previous study (27) : 1) Evidence suggested by the literature. 2) A large and significant "F to enter," which relates to the significance of the F statistic for group differences in a 1-way ANOVA. A large "F to enter" indicates that the means of the 2 groups were far apart relative to the (pooled) within-group variation. The significance level of 0.20 was used based on the results of Costanza and Affifi (36) . 3) A larger and significant "F to remove," relating to the separation of the means of the 2 groups after adjusting for the presence of the other dependant variables in the model (27) .
4)
The order of entry of the variables in a forward stepwise discriminant analysis, whereby variables that were not significant (P Ͼ 0.20) were excluded from consideration (36) .
Variables that ranked highly using these 4 criteria were selected as the approximate model for the predictive subset. A parsimonious subset of variables (final model) was selected from this near model because it is well known that a parsimonious set of variables is likely to produce a better predictive subset in terms of cross-validation results (37).
More explicitly, the performance of the final discriminant model was evaluated by using the "leave-one-out" procedure of Morrison and Lachenbruch (35, 38) . This procedure classifies each subject by using a discriminant function computed from the data points from other subjects in the data set, excluding the observation being classified (27) . The CROSSLIST and POSTERR options in SAS DIS-CRIM were used to carry out the "leave-one-out" cross-validation procedure and obtain the associated error rate for misclassification. We acknowledge that in stepwise discriminant analyses, the calculated significance levels do not reflect the actual error rates and by its nature this procedure selects variables that yield maximal discrimination.
Measures of central tendency and dispersion are indicated as means Ϯ SD unless otherwise indicated. P Ͻ 0.05 was used as the level of significance.
These analyses were repeated using d 1 data only for immune function variables and yielded similar findings on associations of key nutrients with immune function tests, as reported below; therefore these results are not shown.
RESULTS
The study cohort consisted of 130 generally healthy women (76.7 Ϯ 7.0 y) who were free of underlying inflammation based on a combination of laboratory tests. The majority of the subjects were homebound (74%) and required assistance with activities of daily living. Of the women, 58% were normal weight (BMI Ͻ 25 kg/m 2 ), 22% were overweight (BMI between 25 and 30 kg/m 2 ), and 20% had BMI Ͼ 30 kg/m 2 . The nutrient status of study participants was assessed on the basis of comprehensive biochemical tests ( Table 1) . In this cohort of women, suboptimal status of protein and iron was common (Table 1; 22 and 25%, respectively). Impaired status of zinc was noted in 5% of subjects, and that of vitamin B-12 or folic acid was noted in 9% of subjects.
As expected, the lowest and highest quartile groups differed significantly on the in vitro tests of immune function ( Table  2) . The values for these immune function variables were consistent with those reported previously for generally healthy and well-nourished young and older adults (2, 6, 10, 12) .
T cell and subsets. The lowest and highest quartile groups in T cells and T cell subsets did not differ for any of the nutrition variables examined using a univariate approach (ANOVA; data not shown). However, using the multivariate approach of discriminant analysis, protein, iron, and zinc were identified as the final predictive model for total T (CD3ϩ) as well as T-helper (CD4ϩ) and T-cytotoxic (CD8ϩ) cells (Table 3). The misclassification rates based on this predictive subset of nutrients was highest for total T (CD3ϩ) cell number and lowest for T-helper (CD4ϩ) cell number, 37.2 and 16.5%, respectively (Table 3) . Thus, the probability of correctly classifying subjects into the lowest or highest quartiles for CD3ϩ, CD4ϩ and CD8ϩ by using the discriminant subset based on protein, iron and zinc status variables ranged from 62.8 to 83.5% for CD3ϩ and CD4ϩ cells, respectively.
Lymphocyte proliferation upon assay with PHA or Con A. The proliferation response to 5 mg/L PHA differed significantly between the lowest and highest quartile groups for serum ferritin and hemoglobin (Fig. 1) . MCV differed between the lowest and highest quartiles of the LPR to 5 mg/L Con A, whereas the lowest and highest quartiles on the LPR to 25 mg/L Con A had significantly different plasma zinc concentrations (Fig. 2) . For proliferation response to culture with PHA, protein and iron were significant predictors in the final discriminant model (Table 3) . Using the discriminant subset of these variables, misclassification rates of 15.4 and 20.7% were obtained for proliferation response to 5 and 10 mg/L PHA, respectively. For the LPR to 12 and 25 mg/L Con A, protein, iron, and zinc were identified in the final predictive models, and provided misclassification rates of 10.3 and 15%, respectively. Therefore, the probability of correctly classifying subjects into highest or lowest quartiles on variables related to LPR to PHA or Con A, using discriminant function models based on variables defining protein, iron, and zinc status, was high and ranged between 79.3 and 89.7%.
DISCUSSION
Nutrition is important for maintaining immune function in the elderly (20) . Most studies reported associations of single nutrients with various aspects of immune function in older adults (6,10,17,39 -41) . The few studies that examined multiple nutrients simultaneously and related nutritional status to immune function had equivocal findings (15, 16) .
Our approach was unique in that we employed multivariate analysis to determine the relation between various nutrients and immune function in older women with varied nutritional 1 Error rate indicating the probability for subjects to be classified incorrectly into their group (lowest or highest quartile) based on the final discriminant model. status. Specifically, we identified a subset of nutrients that could categorize healthy older women (Ͼ60 y) into the lowest or highest quartile on various tests of acquired immune function by using discriminant analysis. This approach was used because it not only helps identify a parsimonious predictive discriminant model, but also allows the testing of that model in terms of its cross-validation ability and yields the associated misclassification or error rates for classification of subjects into their groups (in our case, the lowest and highest quartiles for each immune function variable). It is noteworthy that 3 of the 5 nutrients examined in the study, i.e., protein, iron, and zinc, emerged as significant predictors of many immune function variables examined in the present study. Furthermore, the probability of classification of subjects accurately into the lowest or highest quartile groups, based on the predictive models consisting of nutritional status variables identified by discriminant analysis, was high, ranging from 62.8 (for CD3ϩ cell number) to 89% (for LPR to Con A). Thus, the discriminant models based on iron, protein, and zinc status variables performed well in predicting correct classification of subjects into the lowest or highest quartile groups. Factors other than nutrition such as intrinsic biological factors, as well as external factors such as stress and exercise, could account for the remaining unexplained variation (42) .
The emergence of key nutrients such as protein, iron, and zinc in the final predictive discriminant models for T cell and their subsets as well as LPR to mitogens is biologically grounded; in fact, these nutrients were shown to predict immune function in several single-nutrient studies (6, 10, (43) (44) (45) (46) . Adequate protein status is important for determining lymphocyte counts, lymphocyte proliferation, and antibody responses (6, 22) . Iron plays important roles in immune function because it is necessary for iron-dependent enzymes such as ribonucleotide reductase and for activation of protein kinase C and hydrolysis of cell-membrane phospholipids that are important in signal transduction, thereby affecting T cell proliferation and other functions (5). Zinc influences the activity of several enzymes important for replication and transcription, such as DNA polymerase and thymidine kinase. It is also a crucial determinant for lymphocyte activation and necessary for optimal activity of phospholipase C and immune mediators such as thymulin. Zinc also affects phosphorylation of protein kinase C and is a major intracellular regulator of lymphocyte apoptosis (7, 47) .
Interestingly, vitamin B-12 and folic acid, which are important in cell replication and immune response (11, 48) because of their function as coenzymes for DNA/nucleic acid synthesis (49), did not appear in the final predictive subset. In the present analyses, subjects with either low vitamin B-12 (n ϭ 10) or low folic acid (n ϭ 2) status were considered together in 1 common category because of the small number of subjects with inadequate folic acid status, and because both of these vitamins can affect immune function due to their role in cell replication. We reanalyzed the data after excluding subjects with impaired folic acid status (n ϭ 2) and after considering B-12 status as an independent variable by itself in the prediction models; however, B-12 status did not appear in the final predictive subset.
We speculate that this lack of association of these B vitamins could be due to less varied status in the study cohort for these nutrients. It is important to indicate, however, that only 5.4% of study cohort had suboptimal zinc status, yet zinc emerged in the final predictive models for T-cell numbers and proliferation response variables. Thus the lack of association of vitamin B-12 and folic acid with immune function tests in the current study cannot be fully explained by the lower prevalence of suboptimal status of these nutrients in the study cohort. It is also possible that these associations were not captured by serum levels of these B vitamins; future studies should, therefore, also examine RBC folate levels or other metabolites of these vitamins.
The contrast of our findings to those reported in the few previous studies involving simultaneous examination of multiple nutrients and tests of immune function in older adults should be noted (15) (16) (17) (18) . Only 2 of those studies examined the immune function tests conducted in the present study (15) (16) (17) ; for the most part, they did not find any association between nutrition status and immune function tests. The differences across the study findings may be related to the differences in study cohorts in terms of variability in nutrient status, nutrients examined across studies, and in the laboratory techniques used to assess immune function such as use of whole blood vs. isolated mononuclear cells, or differences in mitogens used to stimulate lymphocytes in the proliferation assays.
Despite the fact that nutrient-nutrient interactions can occur, and that multiple nutrient deficiencies often coexist in the elderly, studies to date using multivariate approaches such as regression or discriminant analysis to relate several nutrients with immune function tests have been limited (18) . In a cross-sectional study, Payette and colleagues (18) determined the contribution of nutrition factors (status of several nutrients namely protein, iron, zinc, folic acid, vitamin A, and vitamin C, as well as plasma fatty acids) to cytolytic activity of natural killer (NK) cells and interleukin-2 production. Interestingly, in this multivariate analysis, measures of nutrition status were not associated with NK cell cytotoxicity. The authors speculated that the lack of association was related to the large variability in this index of immune function as well as the fact that few elderly subjects in the study had biochemical evidence of nutrient deficiency except for zinc status. Details on exact prevalence of nutrient deficiencies, however, were not provided. Thus, our study contributes to the limited literature on the contribution of nutritional status to immunologic function in older adults using multivariate analyses and suggests that nutrition factors are important predictors of the phenotypic profile of primary subclasses of T cells and lymphocyte proliferation response upon culture with mitogens in a cohort of elderly with variable nutritional status. There is a need to examine whether this finding holds true for responsiveness and activities of B cells, NK cells, neutrophils, and monocytes/ macrophages. The strengths of the current study include the use of participants with a wider range of nutritional status than that in previous studies; comprehensive assessment of nutrient status and immune function tests; and the use of a multivariate approach for data analysis whereby the contributions of several nutrients to immune function were examined simultaneously.
In summary, the findings from the current multivariate analysis relating multiple nutrients simultaneously with immune function variables show the importance of certain nutrients (protein, iron, and zinc) in predicting immune function in healthy older women. However, because of the cross-sectional design, these findings represent associations only and do not establish causal relations. Although there are some indications that the LPR to mitogens is associated with increased mortality (3, 50) , it would be important in future investigations to also examine the proportions of naïve and memory T cells, B cells, NK cells, phagocytosis and bactericidal function, cytokine production, and in vivo tests of immune function such as the delayed type hypersensitivity skin testing, which were beyond the scope of the present study because of blood volume and cost constraints.
In conclusion, our study supports the notion that key nutrients such as protein, iron, and zinc can predict immune function in older adults. Therefore, it is important that older adults maintain adequate nutritional status overall and for these key nutrients in particular. Further studies are required to elucidate the contribution of nutrition factors to immunologic changes and related diseases in the elderly.
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